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Abstract² In small-signal stability studies, various stability 
criteria have been proposed based on impedance or admittance 
norms to assess the stability of power systems. Controlling these 
norms can drag a system from a stable to an unstable operating 
condition. Therefore, finding a control variable that has a direct 
linear relation with these norms will facilitate the utilisation of 
data-driven control principles to build a control system based on 
small-signal impedance. For a STATCOM connected to a power 
network, the control system parameters of the STATCOM are 
tested to identify their relationships with the stability norms. 
Different types of virtual impedance are tested, and the 
suitability of each virtual impedance type and connection is 
examined and presented. 
Keywords² Statcom, control parameters, virtual impedance, 
small signal impedance 
I.  INTRODUCTION  
Since the beginning of power network development, 
stability studies have become increasingly important in the 
research and industrial fields. Different stability assessment 
methods, such as eigenvalue, state-space and impedance 
analysis, have been developed to evaluate system stability. 
The small-signal impedance method is both sturdy and 
practical, especially in real-world applications when creating a 
fully detailed model of the power network becomes a 
challenging task [1]. It uses the concept of black box analysis 
by employing terminal measurements, instead of using a fully 
detailed model of the network as in the case of eigenvalue or 
state-space analysis, to assess stability.  
The first implementation of the small-signal impedance 
method was in dc systems and was later adopted to determine 
ac system stability in ݀ݍ coordinates. ܦܳ analysis transforms 
the power system variables to dc components under steady-
state conditions, which made the adoption of dc stability tools 
easier in ac systems.   
Criteria were developed to assess the small-signal stability 
of the power network based on generator and load admittance 
in ݀ݍ coordinates [2]. The generalised Nyquist criterion 
(GNC) was one of the most important criteria. Developed 
firstly to assess dc system stability and modified later for ac 
systems, it examines whether or not the product of generator 
impedance and system admittance encircles the point (-1,0) in 
the complex plane. 
From the small-signal impedance point of view, improving 
ac system stability at the interface between different systems 
or the interface between the system and the connected devices 
is a function of the impedances of the two parts of the system. 
The ݀ݍ impedance of an ac system has four parts which 
together define system stability based on the norm of the 
impedance matrix. Therefore, having a direct relationship 
between these norms and a control parameter can facilitate the 
use of stability norms in a control system.  
Different techniques for improving system stability, 
including active and passive techniques, have been reported in 
the literature. Active techniques depend upon changing the 
control variable of the device to provide the required 
impedance, while passive techniques deploy a passive 
physical component such as a pure resistance or complex 
impedance to reshape the impedance.  
Passive techniques reshape the output impedance by 
regulating the load voltage and/or current. They are not 
preferred in power system applications where they increase 
system losses and the cost of installed components [3]. This is 
reduced the use of passive components and, in the meantime, 
builds interest in using active techniques.  
Virtual impedance [4] and synchronous virtual impedance 
[5] [6] are the main active methods utilised in the literature to 
reshape the impedance of different devices, such as flexible 
AC transmission system (FACTS) devices and HVDC 
systems, to achieve system requirements. These requirements 
vary from improving ride-through capability and reducing 
harmonics to improving system stability, in addition to power 
flow control and damping of sub-synchronous oscillations [7]. 
In power system applications, FACTS devices are 
becoming widely installed to compensate reactive power and 
to prevent system oscillations [1]. Amongst these devices, 
shunt-connected devices, such as static synchronous 
compensators (STATCOM), have a significant influence on 
system stability due to their connection to the network or 
interaction with other devices in the system, especially during 
system emergency events. Therefore, reshaping STATCOM 
impedance is an important issue in system stability.  
Small-signal impedance performance studies and control 
methods have been reported in the literature.  A synchronous 
machine has been used to reshape STATCOM impedances 
[5][8], while the effects of STATCOM control parameters on 
the impedance matrix have also been examined [1]. However, 
the impact of these parameters and impedances on the stability 
norm of the studied devices, which makes the use of these 
parameters in any practical control system difficult, has not 
been studied. 
This paper reports a study of the effect of STATCOM 
control variables on stability norms. Also, virtual impedance 
with different connections (series and shunt) and types (pure 
resistance, resistive-inductive and resistive-capacitive) are 
tested, and their relationships with the stability norms of the 
impedance matrix are presented. 
II. STATCOM SMALL-SIGNAL STABILITY IMPEDANCE 
MODEL  
Fig.1 presents the schematic diagram of a STATCOM 
connected to a power network. This basic representation is 
used to derive the mathematical expression representing a 
STATCOM power circuit and its control. The control system 
contains four proportional integral (PI) controllers and uses 
feedforward bus voltage and decoupling control to cancel the 
cross coupling between d and q coordinates, as shown in Fig.2 
[9][10][11]. The small-signal STATCOM model is presented 
briefly using the following relations [12]: ൤ȟܸݏௗȟܸݏ௤ ൨ ൌ ܣ ൤ȟ݅ݏௗȟ݅ݏ௤ ൨ ൅ ܤ ൤ȟ݉ݏௗȟ݉ݏ௤ ൨ ൅ ܥ ൤ȟ ௗܸ௖ȟݏௗ൨             (1) 
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Fig.1 Simplified diagram of STATCOM 
 Active power 
controller
Reactive power 
controller
Current controller
ABC/DQ J LZ
ABC/DQ
DQ/ABC PWM
PLL
Voltage controller
a b cIs
*
Sta tVd
Sta tVd
a bcVs
*Vdc
Vdc
+
+ +
-
-
-
+
-
+
- TT
StatVdq T
 
Fig.2 STATCOM control system 
The current controller functions according to (5). ൤ȟ݉ݏௗȟ݉ݏ௤ ൨ ൌ ܦ ൤ȟܸݏௗȟܸݏ௤ ൨ ൅ ܧ ൤ȟ݅ݏௗȟ݅ݏ௤ ൨ െ ܨ ൤ȟ݅ݏௗכȟ݅ݏ௤כ൨                        (2) 
The reference current (ȟ݅ݏௗכ ǡ ȟ݅ݏ௤כ) can be derived as: 
൤ȟ݅ݏௗכȟ݅ݏ௤כ൨ ൌ ܩ ൤ ௗܸ௖כݏௗכ ൨ െ ܩ ൤ȟ ௗܸ௖ȟݏௗ൨                           (3) 
The voltage controller is responsible for controlling dc and 
bus voltages using(4). ൤ȟ ௗܸ௖ȟݏௗ൨ ൌ ܪ ൤ȟܸݏௗȟܸݏ௤ ൨ ൅ ܭ ൤ȟ݅ݏௗȟ݅ݏ௤ ൨                     (4) 
Definitions of the symbols used in (1) to (4) are presented 
in appendix A. 
8VLQJ 0DVRQ¶V JDLQ IRUPXOD or any block reduction 
method, (1) to (4) are used to derive the total transfer function 
of the small-signal STATCOM impedance as follows: ൤ȟܸݏௗȟܸݏ௤ ൨ ൌ ܼௌ்஺்஼ைெ ൤ȟ݅ݏௗȟ݅ݏ௤ ൨                 (5) ܼ௦௧௔௧௖௢௠ ൌ ஺ା஼௄ା஻ሺாାிீ௄ሻ஽ି஻ሺ஽ାிீுሻି஼ு                      (6) 
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Fig.3 Block diagram of STATCOM small-signal impedance model 
The equation (6) is transformed to a block diagram to 
depict this relation as shown in block diagram presented in 
Fig.3. The STATCOM operation is considered as an ideal 
operation; so the pulse width modulation delay (PWM) delay 
and the measurement delay (md) is ignored in this paper and 
can be added the model as shown in block diagram of 
impedance model presented in Fig.3. The main effect of 
ignoring the PWM delay is the off diagonal impedance will be 
very small, while the effect of sensing delay will present for 
big system mainly. 
III. BASIC PRINCIPLE OF STABILITY CRITERIA BASED 
IMPEDANCE NORMS 
For stability studies based on small signal impedance, 
the impedance is measured at the generator-network 
connection point to assess the stability at this system interface. 
In the synchronous rotating ݀ݍ frame the generator 
impedance for the system shown in Fig.4 is given by (9). 
  ܼ݃ ൌ ൤ܼݏௗௗ ܼݏௗ௤ܼݏ௤ௗ ܼݏ௤௤ ൨                                            (7) 
The small-signal impedance of the network as seen by 
the generator is of the form: 
  ܼܰܶ ൌ ൤ܼܰ ௗܶௗ ܼܰ ௗܶ௤ܼܰ ௤ܶௗ ܼܰ ௤ܶ௤൨                        (8) 
For ac networks the generalised Nyquist criterion 
(GNC) has the following form [15] [16]:  
x The infinite one norm 
                ܼ ஶܻଵ ൌ ฮܼ௚ௗ௤ฮஶฮ ேܻௗ்௤ฮଵ ൏  ?Ǥ ?                    (9) 
In this paper, the infinite norm of the STATCOM will be 
investigated for both control parameters and the virtual 
impedance topologies. 
x The G-norm criterion, which results in a product of the 
G-norms on both sides of the interfacing point: 
                      ܼܻீ ீ ൌ ฮܼ௚ௗ௤ฮீฮ ேܻௗ்௤ฮீ ൏  ?Ǥ ? ?        (10) 
 
ԡܺԡீ ൌ ൫ȁܺௗௗȁǡ หܺௗ௤หǡ หܺ௤ௗหǡ หܺ௤௤ห൯  
 ܺ here can represent impedance or admittance.  
x A third criterion which examines the stability of the 
system based on the maximum singular value of both sides of 
the interfacing point of the system:  
                          ܼ ఙܻఙ ൌ ߪത൫ܼ௚ௗ௤൯ߪത൫ ேܻௗ்௤൯ ൏  ?                     (11) 
It is worth noting that these three criteria, along with some 
others in this field, are sufficient but not necessary to predict 
WKH V\VWHP¶V VPDOO-signal stability. In this study, the 
relationship between the infinite stability norm and the change 
of control parameters, for a group of virtual impedances, is 
examined. 
 
Fig.4 Network used in impedance studies 
IV. EFFECT ON STABILITY NORMS OF CHANGING 
STATCOM CONTROL PARAMETERS 
The test system introduced in Fig-1 is used to present the 
effect of control system of the STATCOM on the infinite 
norm. The test system and the STATOCM have the following 
parameters as shown in the table: 1. 
Table1: system and STATCOM parameters 
Parameter value Parameter value ௗܸ 410 ܭ݅௜ௗ  8000 ௤ܸ  0 ܭ݌௩ௗ  10 ௦݂ 60 Hz ܭ݅௩ௗ  0.001 ௙ܴ 0.5 ȳ ܭ݌௜௤  800 ܮ௙ 5e-3 H ܭ݅௜௤  8000 ܥௗ௖  400e-6 F ܭ݌௩௤  0.01 ௗܸ௖  1000V ܭ݅௩௤  2 ܭ݌௜ௗ  800   
 
As presented in (1) to (4), STATCOM control parameters 
KDYH VRPHHIIHFWRQ WKH67$7&20¶V WRWDO LPSHGDQFH(YHQ
though this relation for STATCOM impedance may be clear 
from the equations, this relation is not obvious for stability 
norms of impedance matrices, which is a disadvantage when 
tuning these parameters for stability improvement purposes. 
Fig.5 shows how STACOM controller gains affect the 
infinite stability norm. In general, increasing the voltage 
control loop gains has no effect on the infinite norm except for 
the proportional voltage gain (݇݌ݒݍ). The increase of the gain 
tends to reduce the infinite norm for some range before it gets 
increased again at different values of (݇݌ݒݍ) for the plotted 
frequencies. 
  
  
(a) Voltage control loop 
  
  
(b) Current control loop 
Fig.5 Relation between control parameters and stability criterion 
In the meantime, changing the integral part of the current 
controller gains (݇݅݅݀ǡ ݇݅݅ݍ) have the no influence on the 
infinite norms as the shown in Fig 5.b. Even though the 
proportional gains (݇݌݅݀ǡ ݇݌݅ݍ) manage to reduce the infinite 
norm of the STATCOM over the range of gain change. The 
effect of direct current controller (݇݌݅݀) tends to become 
negligible for higher values of the gain while the quadrature 
gain (݇݌݅ݍ) can reduce the infinite norm for a wider range. 
The values of control gain chosen impact significantly on 
their ability to adjust the infinite norm and might be restricted 
by the steady state and transient requirement of the connected 
network. Another restriction could be the device setting point 
where the infinite nor cannot be reduced. This conclusion 
Generator Network
ZNTZg
Interface
leads to the need to look for another control variable that can 
control the stability norms over a wide range and which can be 
represented by a simple mathematical relationship. 
V. IMPLEMENTING VIRTUAL IMPEDANCE TO CONTROL 
STABILITY NORMS 
As stated in the previous section, STATCOM control 
parameters are not suited for use in the implementation of 
stability norms tuning processes. This section presents the 
application of virtual impedance to FKDQJH D GHYLFH¶V
behaviour and to reshape its impedances. The basic idea of 
virtual impedance is to add the effect and behaviour of 
physical series or parallel impedance (passive impedance) to 
the control system (active impedance). The benefit of using 
virtual impedance along with other active techniques is that 
the active techniques regulate the STATCOM impedance 
magnitude and phase margins within a specific range without 
affecting the output voltage and currents. 
In this study, the aim is to examine a simple virtual 
impedance implementation in a control system. Only virtual 
pure and complex impedances will be tested, and other 
techniques, such as the virtual synchronous machine [5], are 
beyond the scope of this study.  
The aims of using virtual impedance here can be 
summarised as: 
x Find a suitable control variable that has a direct relation 
with stability norms. 
x Find a control variable that can increase or reduce the 
magnitude of total one norm or infinite norm of 
STATCOM impedance matrix. 
x Test different virtual impedance topologies, such as shunt, 
series, resistive, RL and RC impedances, to assess the 
suitability of each type. 
A. Series virtual impedance (SEVI) 
The basic implementation of series impedance is to 
connect the virtual impedance between the STATCOM output 
current and the input voltage. However, the actual 
implementation is achieved by connecting the STATCOM 
output current to the reference voltage, as shown in Fig.6. For 
simplicity, the effect of PLL is ignored. The proposed SEVI 
has the form: 
୚୧୰ ൌ C?C?
C?቎௓ೇ೔ೝீೞ೐  ? ? ௓ೇ೔ೝீೞ೐ ቏ ݂ א ሾ ଵ݂ǡ ଶ݂ሿ ? ݂ ב ሾଵ݂ǡ ଶ݂ሿC?C?
C?
              (12) 
Where: ଵ݂, ଶ݂ are the boundaries of the interested 
frequency range of virtual impedance.  
The introduced virtual impedance is proposed to have the 
same transfer function on diagonal STATCOM impedances 
and consequently has the same influence on these impedances. 
Also, the effect of implemented virtual impedance should be 
defined to be effective within the interested frequency range 
and to be otherwise equal to zero, as presented in the 
equation(12). Limiting of the functionality of the virtual 
impedance mentioned earlier can be achieved using low and 
high pass filters or second-order band-pass [4]. 
The transfer function ሺܩ௦௘ሻ of the SEVI denominator is 
derived from Fig.6, it is equal to:  
               ܩݏ݁ ൌ ݉݀Ǥ ܨǤ ܹܲܯǤ ܤ                            (13) 
In this study, the power frequency range is defined to be 
between 60Hz and 420Hz, and results are plotted at the 
fundamental frequency and its harmonics (2nd, 3rd, 5th, 7th). 
The fundamental impedance at other mid-frequency can be 
found by interpolating any bounded frequencies. The 
magnitude of both inductance ሺሻ and capacitive ሺሻ is equal 
to the resistance magnitude ሺሻ when plotting the 
relationships between the infinite norm and virtual impedances 
presented in Fig.7. 
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Fig.6 Implementation of series virtual impedance in STATCOM model 
 
(a) Series resistive 
 
(d) Shunt resistive 
 
(b) Series resistive-capacitive 
 
(e) Shunt resistive-capacitive 
 
(c)  Series resistive-inductive 
 
(f) Shunt resistive-inductive 
 
Fig.7 Effect of virtual impedance on stability norm at different perturbation 
frequencies 
The three types of virtual impedancesሺ୴୧୰ሻare tested here 
to identify their relation to the infinite norm of STATCOM are 
the pure resistance virtual impedance (SRI), resistive-
inductive virtual impedance (RLI) and resistive-capacitive 
virtual impedance (RCI) which on the form: 
ܼ௏௜௥ ൌ C?C?C?
C?C?  ൅  ൅ ଵୗେ C?C?C?
C?C?
                        (14) 
Fig.7 (a) and (b) present the effects of changing series 
resistive virtual impedance (SRI) and series resistive-
capacitive virtual impedance (RCI) on the STATCOM 
impedance infinite norm for a range of perturbation 
frequencies. Both series impedances increases the infinite 
norm for a range from 0 to about 400, and the infinite norm 
starts decreasing the infinite form for higher values of virtual 
impedance. Also, it is shown that the effect of the series 
connection of SRI and RCI is limited on the stability norm at 
the first three frequencies (fundamental, 2nd and 3rd). This 
restricts the suitability of using these types of connections on 
reducing the STATCOOM infinite norm. It has some negative 
effect at lower values of the impedance and a great effect 
beyond that. In the meantime, the increase of series resistive-
inductive impedance tends to reduce the infinite norm for all 
perturbation higher frequencies as shown in Fig.7(c).  
B. Shunt virtual impedance (SHVI) 
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Fig.8 Implementation of shunt virtual impedance in STATCOM model 
Shunt virtual impedance is connected between the input 
voltage and the current reference to reducing the amount of 
current flow (according to the direction of current flow, isa, isb 
and isc, assumed in Fig.1) to the STATCOM and, 
consequently, to reduce the STATCOM impedance, as 
depicted in Fig.8.  SHVI is proposed to affect the same 
impedances as (12).The same frequency boundaries can be 
applied here to the functionality of the shunt virtual impedance 
as shown in (17). 
                  ܼݏ݄௏௜௥ ൌ C?C?
C?቎௓ೇ೔ೝீ௦௛  ? ? ௓ೇ೔ೝீ௦௛቏ ݂ א ሾ ଵ݂ǡ ଶ݂ሿ ? ݂ ב ሾଵ݂ǡ ଶ݂ሿC?C?
C?
             (15) 
The transfer function ሺܩݏ݄ሻ presented in equation (15) is 
equal to:  ܩݏ݄ ൌ ݉݀Ǥ ܹܲܯǤ ܤ                        (16) 
Fig.7 (d), (e) and (f) present the effect of shunt virtual 
impedances (SHVI) at different perturbation frequencies. 
Shunt resistive and shunt resistive-capacitive has almost no 
effect at all perturbation frequencies over a range of change, as 
shown in Fig.7 (d,e) except a minor decrease at 420Hz  Shunt 
resistive-inductive (SRL) virtual impedance has a negative 
impact on the STATCOM infinite norm as presented in Fig.7 
(f). It increases the total stability norm of the STATCOM 
considerably. As the perturbation frequency is decreased, the 
effect becomes limited. In general reducing the current using 
the shunt connections is not sufficient to reduce the 
STATCOM impedance. This is referred to the nature of the 
STATCOM controller.  
VI. PROPOSED CONTROL SYSTEM BASED ON STABILITY 
NORMS AND VIRTUAL IMPEDANCE 
 
Fig.9 General construction of proposed control system 
The general construction of control system based norms is 
presented in Fig.9. The control system transforms measured 
YROWDJHDQGFXUUHQWXVLQJ3DUN¶V WUDQVIRUPDWLRQDQG analysed 
them using Fast Fourier Transforms (FFT). The outputs of the 
))7 µvoltages and FXUUHQWV¶ DUH XVHG WR FDOFXODWH the 
small-signal impedance of the network and to calculate 
network norms accordingly. Calculating the required 
STATCOM norm is achieved using one of (9), (10) or (11), 
with a small stability margin ሺߙǡ ߚሻintroduced here to prevent 
the appearance of oscillation in the system, and to convert 
from an  inequality to an equality relationship as: 
ฮܼௌ்஺்஼ைௌ௤ ฮஶ ൌ ൞ߙ כ ଴Ǥହฮ௒ே்೏೜ฮଵ ฮ ேܻௗ்௤ฮଵ ൐  ?ߚ כ כ଴Ǥହฮ௒ே்೏೜ฮଵ ฮ ேܻௗ்௤ฮଵ ൏  ?ൢ        (17) 
where: ߙ ൏  ?andߚ ൐  ? 
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The same process applied to (17) can also be applied to the 
other stability criteria presented in equations (10) and (11). 
The criteria for selecting parameters ሺߙǡ ߚሻ are based on the 
number of devices to be connected to the system and range of 
stability required for the device. The measurement circuit 
included in the control system extracts the injected frequencies 
using a fast Fourier transform (FFT), and calculates the 
network norm which will be used to find the required 
STATCOM norm using one of the equations (17).The last 
block in the controller defines the relationship between the 
stability norms and the required value for virtual impedance, 
based upon whether series or shunt virtual impedances are 
used. Any curve fitting technique can be used to simplify the 
relation between the virtual impedance and the stability 
norms; to simplify the tuning process. The system proposed in 
Fig.9 can provide auto-tuning control for a STATCOM within 
the range of frequencies of interest. It can calculate the system 
impedance within a few cycles to identify the required value 
for the virtual impedance. The time response of this 
supplementary control is to low due the measurement time 
required for the impedance; therefor the main application of 
this controller can be for the new devices. 
VII. CONCLUSION  
This paper discusses the possibility of using a control 
variable to directly control the stability norm of the 
STATCOM impedance matrix which may be implemented in 
control systems. Even though some of STATCOM parameters 
can provide the necessary decrease on the infinite norm, the 
change of those parameters could be restricted by connected 
system required. So, different types of virtual impedances have 
been tested to find a suitable control parameter for STATCOM. 
Generally, the shunt virtual impedances have adverse effect 
on the infinite norm of the STATCOM impedance matrix. 
Alternatively, a better behaviour can be seen in the series 
connection of the virtual impedance. The change of resistive 
and the resistive-capacitive can increase or decrease the infinite 
norms of the STATCOM; therefore the range of those 
impedances should be limited to the required behaviour. The 
increase of resistive-inductive impedance steadily decreases the 
infinite norm and this effect is almost not restricted for the 
range of changing the impedance.  
This relation can be utilised in the control system proposed 
in this paper using the data-driven control concept to improve 
the stability at the connection point of the STATCOM. Even 
though the stability norms are not a necessary condition of the 
stable systems but sufficient condition; the proper design of 
such supplementary control system could lead to auto-tuning 
devices for the power electronics and help to improve the 
stability of the systems. 
APPENDIX A 
  ܩௗ௖ ൌ ܥܸ݀ܿ ?ቀܵܥܸ݀ܿ ? െ݅ݏ ݀?Ǥܴ݂൅ ? ?ܸ ݏ݀Ǥ݅ݏ݀൅ ? ?ܸ ݏݍǤ݅ݏݍቁ   
  ܣ ൌ ൤ܮ௙ ൅ ௙ܴ െɘܮ௙ɘܮ௙ ܮ௙ ൅ ௙ܴ൨ ܪ ൌ ൥ଷଶ ܩௗ௖ ௜௦೏஼௏೏೎ ଷଶ ܩௗ௖ ௜௦೜஼௏೏೎ܥ ௗܸ௖ ܩௗ௖ ?  ? ൩ 
ܤ ൌ ൤ ௗܸ௖  ? ? ௗܸ௖൨ ܧ ൌ ቈܭ݌௜ௗ ൅ ܭ݅௜ௗ ܵ ? ߱ܮ௙െ߱ܮ௙ ܭ݌௜௤ ൅ ܭ݅௜௤ ܵ ? ቉ 
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REFERENCES 
[1] C. Li, R. Burgos, Y. Tang, D. Boroyevich, and V. Tech, 
³,PSHGDQFH-Based Stability Analysis of Multiple STATCOMs in 
3UR[LPLW\´LQCompel2016, 2016, pp. 1±6. 
[2] . &RU]LQH 0 %HONKD\DW < )DPLOLDQW DQG - +XDQJ ³$&
LPSHGDQFHPHDVXUHPHQWWHFKQLTXHV´05. 
[3] 0 &HVSHGHV / ;LQJ DQG - 6XQ ³&RQVWDQW-Power Load System 
6WDELOL]DWLRQE\3DVVLYH'DPSLQJ´YROQRSS±1836, 
2011. 
[4] ;=KDQJ4=KRQJDQG:0LQJ³6WDELOL]DWLRQRID&DVFDGHG'&
Converter System via Adding a Virtual Adaptive Parallel 
,PSHGDQFHWR WKH ,QSXWRI WKH/RDG&RQYHUWHU´YROQRSS
1826±1832, 2016. 
[5] C. Li, R. Burgos, I. Cvetkovic, L. Mili, V. Tech, and P. Rodriguez, 
³(YDOXDWLRQDQG&RQWURO'HVLJQRI9LUWXDO- Synchronous-Machine-
Based STATCOM for Grids with High Penetration of Renewable 
(QHUJ\´SS±5658, 2014. 
[6] B. Wen, D. Dong, D. Boroyevich, R. Burgos, P. Mattavelli, and Z. 
6KHQ ³,PSHGDQFH-Based Analysis of Grid-Synchronization 
Stability for Three-3KDVH 3DUDOOHOHG &RQYHUWHUV´ IEEE Trans. 
Power Electron., vol. 31, no. 1, pp. 26±38, Jan. 2016. 
[7] ; :DQJ < : /L 6 0HPEHU DQG ) %ODDEMHUJ ³9LUWXDO-
Impedance-Based Control for Voltage-Source and Current-Source 
&RQYHUWHUV´YROQRSS±7037, 2015. 
[8] C. Li, R. Burgos, I. Cvetkovic, L. Mili, V. Tech, P. Rodriguez, D. 
%RUR\HYLFK / 0LOL DQG 3 5RGULJXH] ³$QDO\VLV DQG GHVLJQ RI
YLUWXDO V\QFKURQRXV PDFKLQH EDVHG 67$7&20 FRQWUROOHU´ 2014 
IEEE 15th Work. Control Model. Power Electron., pp. 1±6, 2014. 
[9] / +DUQHIRUV ³$QDO\VLV RI Vubsynchronous torsional interaction 
ZLWK SRZHU HOHFWURQLF FRQYHUWHUV´ IEEE Trans. Power Syst., vol. 
22, no. 1, pp. 305±313, Feb. 2007. 
[10] ; /RPEDUG DQG 3 * 7KHURQG ³&RQWURO RI XQLILHG SRZHU IORZ
controller comparison of methods on the basis of a detailed 
QXPHULFDO PRGHO´ IEEE Trans. Power Deliv., vol. 12, no. 2, pp. 
824±830, 1997. 
[11] & 6FKDXGHU DQG + 0HKWD ³9HFWRU DQDO\VLV DQG FRQWrol of 
DGYDQFHGVWDWLF9$5FRPSHQVDWRUV´ IEE Proc. C Gener. Transm. 
Distrib., vol. 140, no. 4, p. 299, 1993. 
[12] 0 &HVSHGHV DQG - 6XQ ³,PSHGDQFH 0RGHOLQJ DQG $QDO\VLV RI
Grid-Connected Three-3KDVH &RQYHUWHUV´ IEEE Trans. Power 
Electron., vol. 29, no. 3, pp. 1254±1261, 2014. 
[13] *)UDQFLV5%XUJRV'%RUR\HYLFK):DQJDQG..DULPL³$Q
algorithm and implementation system for measuring impedance in 
the D-4 GRPDLQ´ IEEE Energy Convers. Congr. Expo. Energy 
Convers. Innov. a Clean Energy Futur. ECCE 2011, Proc., pp. 
3221±3228, Sep. 2011. 
[14] ' 5 DQG0%+$6.$5 ³,PSHGDQFH 0RGHOLQJ DQG $QDO\VLV RI
Grid-Connected Voltage- 6RXUFH &RQYHUWHUV´ IOJETR Trans. 
Power Electron., vol. 18, pp. 327±343, 2015. 
[15] =<DR3*7KHURQGDQG%'DYDW³6WDEility analysis of power 
V\VWHPV E\ WKH JHQHUDOLVHG 1\TXLVW FULWHULRQ´ LQ International 
&RQIHUHQFHRQ&RQWURO¶, 1994, vol. 1994, pp. 739±744. 
[16] $5\JJ00ROLQDV=&KHQDQG[X&DL³$PRGLILHGVHTXHQFH
domain impedance definition and its equivalence to the dq-domain 
impedance definition for the stability analysis of AC power 
HOHFWURQLFV\VWHPV´IEEE J. Emerg. Sel. Top. Power Electron., pp. 
1±15, 2016. 
